Background: Numerous studies have shown reduction of periprosthetic bone mineral density (BMD) after hip replacement. The effect on the whole limb, however, is still unexplored. This study's objective was to analyse the postoperative development of BMD and muscle strength of the limb after total hip replacement (THR) and to determine links between these parameters.
The postoperative reduction of the periprosthetic bone density after implantation of uncemented [3] [4] [5] [6] and cemented [6] [7] [8] stems might be a major problem in orthopaedic surgery. In general missing implant to bone contact or osteolysis around the stem might lead to failure of the prosthesis after a few years [9, 10] . However, diffuse bone loss around the implant is observed immediately after THR. It is possible that these bone resorptions might work against a sufficient osseous integration of the implant in the first postoperative months.
The early loss of periprosthetic bone density results primarily from the operational irritation, the reduced postoperative loading and also from the modified power flow caused by the prosthesis [11, 12] . In addition, the preoperative bone density is of great relevance [7, 12, 13] . Regardless of the type of prosthesis, the result is a significant loss of bone density around the implant within the first postoperative year [3, 7, 10, 14] . From the second postoperative year this loss slows down [3, 7, 8] .
The musculature on the other hand is known to have a significant influence on the entire bone density. Physical activity and mechanical stress have a positive effect on the bone mass and the bone strength [15, 16] . However, immobilisation and inactivity atrophy affect the bone mass negatively.
In osteoarthritis, muscular atrophies and muscular contractures can occur as a result of pain-related protective postures and joint deformations. This may worsen the function of the hip joint, but also the general condition of the patient [17] . THR provides a solution leading to pain-free mobility and allows the patient to compensate existing conditional deficits. The postoperative outcome is dependent on fast recovery of joint function and hence also on the regeneration of the muscular system. Any injury of the muscles is immediately associated with reduction of the power and disorders of proprioception, which complicates the functional regeneration. Postoperatively, the result is a significant improvement in the function of periarticular muscles. Nevertheless, large deficits remain in the comparison with healthy age groups. This applies not only to the maximum force, but also to the muscular endurance [18] . The maximum force is considered an important instrument representing the muscular performance.
In addition to the successful use in osteoporosis diagnostics, dual-energy X-ray absorptiometry (DEXA) could be successfully used for the determination of periprosthetic bone density [3, 5, 7] . It is characterised by a high precision, a high sensitivity as well as by a high reproducibility of the results [19, 20] . Further advantages are a low radiation exposure [19] and short examination times. By using the "metal-removal" tool of the software, it is possible to eliminate the influences of metal implants. Thus, precise measurement of periprosthetic bone density can be obtained. After differentiation of body tissue composition, DEXA also allows determination of the entire body bone mineral density (BMD).
Numerous studies have shown a reduction of periprosthetic bone density after THR by means of DEXA. However, there are very few comparisons of these changes with bone density in other regions of the body [6, 8] . Currently there exist no studies regarding the entire lower limb bone density after hip prostheses implantation. So the question arises whether the development of bone density on the lower limb is similar or stands in contrast to the development of the periprosthetic bone density.
The aim of this study was to analyse whether possible correlations between the parameters of bone density and muscle strength on the operated lower limb can be proved. Here, the results of cementless and cemented hip stems were evaluated in terms of early clinical outcome and compared with the unoperated leg.
MATERIALS AND METHODS
Sample size calculation indicated that the number of participants required was 26 per group in order to detect a clinically relevant difference in BMD of 0.1 g/cm² with a two-sided 5% alpha-level and a power of 80%. A 12-month recruitment period was set to enrol this number of participants.
A total of 55 patients, who underwent THR, were recruited during the period from March 2009 to March 2010 and consented to participate in the study. The study protocol was evaluated by the ethical committee of the University Medicine Rostock (A 2009 02).
Inclusion criteria were, in case of osteoarthritis of the hip, the indication for primary implantation of a THR with an uncemented Hipstar  stem or a cemented Exeter  stem as well as an age between 50 and 85 years. Further criteria were the understanding in the scope of the prospective study and also the willingness to participate at the required follow-up.
Exclusion criteria were, in addition to osteoporosis (Tscore <-2.5) and a body mass index >35 kg/m², the contralateral THR within the last or planned for the following year, as well as an ipsilateral prosthetic joint replacement within the follow-up period. Furthermore, neurosensory or motor deficits, tumour diseases, infections, diabetes mellitus type I, dialysis-dependent renal failure and the lack of compliance or unavailability for follow-up were considered as exclusion criteria. The patients confirmed their consent in the study in written form.
Depending on the patient´s age, the prosthetic care occurred either with an uncemented Hipstar ® or a cemented Exeter ® stem in combination with the Trident ® TC cup system with X3 ® PE-insert (Polyethylene) and a ceramic head. According to our institutional rules that all THR patients over the age of 70 years are provided with cemented implants the patients in Group B are all over the age of 70. The implantation of the THR was carried out by one of the three main surgeons at our department of orthopaedics. According to the anchoring of the stem, patients were assigned to two different groups.
Group A contained of 30 patients, who had received an uncemented stem (Hipstar ® ). The mean age of the patients in this group was 62.9±7.0 years, 17 men and 13 women were included.
Group B was composed of 25 patients, who had been supplied with a cemented stem (Exeter ® ). Here the mean age was 75.0±5.0 years. This group consisted of 10 male and 15 female patients.
The postoperative treatment was standardised. All patients were mobilised by physical therapy with crutches from the 1st postoperative day on. After completing wound healing and mobilisation under full weight-bearing on ward level and stairs, the patients could be released for a followup treatment to a rehabilitation facility normally on the 8 th -12 th postoperative day.
In the process of 3 (3.0±0.75), 6 (6.0±0.75) and 12 (12.0±0.75) months postoperatively, the patients were summoned to the follow-up examination.
DEXA
To exclude osteoporosis, we preoperatively carried out measurements of BMD at the lumbar spine (a.p.) or the proximal femur by using DEXA. Therefore, we used a Lunar Prodigy™ DEXA (General Electric (GE) Healthcare, Munich, Germany) and the associated software enCORE™ 2007 (version 11.40.004, General Electric (GE) Medical Systems, Madison, WI, USA). The patient was positioned centrally on the scanner table and the full-body scan feature was traversed from the iliac crest down to the foot. The BMD was obtained by setting a region of interest (ROI) at the affected and unaffected lower limb (Fig. 1) . Within the frame of the follow-up after 3, 6 and 12 months BMD of the lower limbs were controlled. The metallic implant was captured and eliminated automatically using the software´s "metal-removal" function. For determining age-related changes in bone density, BMD at the lumbar spine (L1-L4) was measured preoperatively as well as 12 months postoperatively. For quality assurance we performed coefficient of variation (CV) measurments with a calibration phantom every day of DEXA evaluation (BMD CV = 0.3 % for DEXA Phantom). Additionaly we calculated the least significant change (LSC) for our specific whole limb ROI dexa assessment of 6 %.
Muscular Strength
The maximum isometric muscle strength in the entire power chain of the affected and unaffected lower limb was monitored preoperatively as well as 3, 6 and 12 months postoperatively. For this purpose, a special leg press test bench was constructed, consisting of a seat for the patient and an associated base plate (Fig. 2) . Under this plate a compression force sensor (force sensor KM40, ME measuring systems GmbH, Hennigsdorf) was attached. Before the leg press dynamometer was used on patient evaluation, the intra-and inter-session reliability for the isometric maximum voluntary strength was calculated. The maximum isometric muscle strength demonstrated high intra-and inter-session reliability, with intraclass correlation coefficient (ICC) higher than 0.95. The ICC was slightly higher for intra-session compared to inter-session analysis. The CV for muscle strength were small, but slightly above 5 %, indicating moderate reliability. The percentage change in the mean between the trials within the same session was -2.3 % (95%-CI: -6.0-1.4 %) and between the sessions 2.8 % (95%-CI: -3.5-9.4 %). No significant intra-and inter-session differences were observed.
For each measurement, the patient was positioned on the test bench with reproducible seat position and lever ratios using a mechanical goniometer. In doing so, the angle between torso and upper leg had to be 90°, the angle between upper and lower leg set to 130°±5° and the angle between lower leg and foot 90°±5°. Subsequently, the patients were asked to press with greatest possible force against the base plate of the test bench and to hold this condition for approximately 3 seconds. Afterwards they had to take the foot off the plate again. Per each evaluation date, 3 measurements were made on both legs, after a preliminary assessment.
The maximum isometric muscle strength of the lower limb, recorded by the force sensor, was redirected via a USB measuring amplifier (GSV3USB, ME measuring systems, Hennigsdorf) to a measuring PC. By using the software ME GSV control (ME measuring systems, Hennigsdorf) the data could be recorded. The measured values were stored as a text file and later processed in an Excel spreadsheets and SPSS. From the maximum values of each measurement mean and standard deviation were calculated, based on which the statistical analysis of the data was carried out.
Scores
Clinical evaluation was undertaken preoperatively as well as 3, 6 and 12 months postoperatively. At this the clinical and functional outcome was rated by Harris Hip Score (HHS) [21] . The analysis of patient-related outcome was carried out by use of Western Ontario and McMaster University Osteoarthritis Index (WOMAC) [22] .
Statistics
All data were statistically analysed using the SPSS statistical software package 15.0 (SPSS Inc. Chicago, Illinois, United States). Power calculations and Cohen's d effect size were estimated with the statistical software package G*Power 3 (version 3.1.5.) [23] .
In the first step, a descriptive analysis was carried out. All variables (BMD, muscle strength, HHS, WOMAC) have been described by mean and standard deviation, minimum, maximum and number of available observations. Using Friedman-test (FR) or Wilcoxon-test (WI) for pair differences, comparisons were made within the groups between the different times of evaluation (preoperative, 3 months postoperative, 6 months postoperative and 12 months postoperative). At this, values of p<0.05 were determined as statistically significant.
Depending on the distribution, it was examined whether there are significant differences between operated and contralateral leg using the u-test of Mann-Whitney for independent samples.
RESULTS
At the beginning of the study the median age over all patients was 68.4±8.6 years. 27 men and 28 women were included.
After the exclusion of a total of 12 patients (Group A, n = 6; Group B, n = 6) as a result of postoperative partial weightbearing (n = 3), contralateral THR within the follow-up period (n = 2), Re-OP after trochanter fracture (n = 1) or sintering of the stem (n = 1), death (n = 1) or private purposes (n = 3) as well as lack of availability (n = 1), the data from 43 patients were evaluable (mean age 68.2±8.9 years; f/m = 20/23).
Comparing the two groups in matters of age, patients in Group A were younger (mean±SD 62.7±6.9 years, p = 0.001) than patients in Group B (75.1±5.6 years). The patients of Group A had a higher preoperative bone mineral density (1.337±0.143 g/cm²) on the affected limb than patients of Group B (1.239±0.127 g/cm²). No differences between the two patient groups arose with regard to the other specific parameters.
Hipstar ®
In Group A (Hipstar ® ), which was composed of a total of 30 patients, in two cases it came to intraoperative complications that required a partial weight-bearing postoperatively. As a result, these patients were excluded from the study.
Within the framework of the follow-up examination, in one case a trochanteric fracture was detected, in another case a sintering of the stem was assured. These circumstances required a renewed operational supply. One patient was unable to take part in the follow-up examination due to health reasons and one patient was postoperatively no longer available. Therefore, Group A comprised 24 complete records and consisted of 14 male and 10 female patients.
In Group A there was a significant decrease of BMD on the operated extremity in the postoperative stages compared to baseline. With a basic value of 1.337±0.143 g/cm², the BMD after 3 months postoperative was 1.313±0.147 g/cm² (WI-test p=0.045), after 6 months 1.294±0.150 g/cm² (WI- (Fig. 3, Table 1 ). There were no significant changes in BMD between the separate postoperative examination dates. The BMD at the lumbar spine decreased from 1.305±0.212 g/cm² preoperatively to 1.282±0.196 g/cm² after 12 months (WI-test p=0.028). BMD of the contralateral leg remained constant at a mean of 1.325±0.13 g/cm².
Isometric muscle strength of the operated lower extremity was 918±635 N preoperatively and remained nearly constant 3 months postoperatively (926±397 N). A significant increase in muscle strength, compared to baseline, came 6 months postoperatively on 1162±501 N (WI-test p=0.002) and 12 months postoperatively on 1363±682 N (WI-test p<0.001). There was also a significant development after 6 (WI-test p<0.001) and 12 months (WItest p<0.001) compared to the muscle strength 3 months postoperatively. The isometric muscle strength of contralateral leg was 1089±114 N at preoperative evaluation point, 3 months postoperatively 1211±110 N, 6 months postoperatively 1500±104 N and 12 months postoperatively 1549±90 N. The difference between operated and unaffected leg was not significant. In terms of patient-related outcomes, a significant improvement was also seen 3, 6 and 12 months postoperatively. The WOMAC rose from preoperative 46.53±16.82 points to 66.24±18.29 points after 3 months (WI-test p<0.001), rose again to 73.35±15.57 after 6 months (WI-test p<0.001) and reached a value of 75.01±16.92 points (WI-test p<0.001) 12 months postoperatively. Also, on the basis of the score achieved 3 months postoperative, a significant improvement was seen after 6 (WI-test p=0.003) and 12 months (WI-test p=0.002).
Exeter ®
In Group B (Exeter ® ), which consisted of 25 patients at the beginning of the study, in two cases patients had been excluded due to a contralateral THR within the follow-up period. One patient received partial weight-bearing postoperatively. Two patients dropped out of the study due to health or private reasons and one patient died within the follow-up period.
Thus at the end of the study, Group B consisted of a total of 19 patients (6 male/13 female). The median age was 75.1±5.6 years.
In Group B, based on a preoperative BMD of the lower limb of 1.239±0.127 g/cm², neither 3 months (1.244±0.128 g/cm²) nor 6 months (1.247±0.132 g/cm²) postoperatively showed significant changes. As recently as 12 months postoperatively a significant increase in BMD on the operated limb to 1.257±0.126 g/cm² (WI-test p=0.049) was detected. Between the separate clinical review dates no significant changes could be observed. BMD of the contralateral leg was 1.235±0.120 g/cm 2 preoperatively, increased up to 1.248±0.130 g/cm 2 after 3 months and persisted nearly constantly at this value for 6-and 12-month postoperative evaluation point (Fig. 3, Table 1 ).
From a preoperative value of 691±356 N, the isometric strength of the operated limb did not change significantly after 3 months (825±498 N). However, 6 months postoperatively there was an increase in muscle strength to 942±535 N. This development was significant when compared to the preoperative value (WI-test p=0.007), as well as to the value 3 months postoperatively (WI-test p<0.027). Further increases occurred 12 months postoperatively on 1190±450 N. This development was significant when compared with the examination dates (preoperatively: WI-test p<0.001; 6 months postoperatively: WI-test p=0.007) ( Table 1) . Muscle strength of contralateral side increased from 715±70 N preoperatively to 931±84 N (3 months), 1021±62 N (6 months) and 1094±95 N 12 months postoperatively ( 
DISCUSSION
In the present study, BMD and muscle strength of the affected and unaffected limb were analysed over a period of one year (preoperative, 3, 6 and 12 months postoperatively) after implantation of total hip arthroplasty. In addition, clinical and patient-relevant outcome were evaluated.
Regardless of the type of anchoring, an improvement in the clinical and patient-related outcome as well as an increase in muscle strength on the operated and contralateral extremity was seen in the postoperative stages. After implantation of cementless stems, a decrease of BMD on the operated extremity after 3, 6 and 12 months was recorded. After implantation of cemented stems, BMD tends to result in an increase after 3 and 6 months. 12 months postoperatively this increase was significant.
Outcome
In terms of clinical-functional and patient-related outcomes, good results could be achieved, which are comparable to those of other studies [24, 25] . At any time during the course of observation, group differences on the HHS or WOMAC were detectable. The early postoperative results confirm the fact that THR is one of the most successful procedures in orthopaedics.
Muscular Strength
The aim of an artificial joint replacement is to achieve absence from pain and to improve mobility so that independence in everyday life is ensured. With increasing biomechanical strain the regeneration of muscles and postoperative increase of muscular strength can occur. However, in terms of maximum strength and muscular endurance, remarkable gaps remain when compared to healthy age groups [26, 27] . In the present study, in both groups an increase in the maximum isometric muscle strength on the affected and unaffected lower limb was seen postoperatively, according to the expectations. Improved clinical and functional outcomes reflect that this development is not only a result of the muscular regeneration alone, but that is also a result of postoperative reduced pain, increased physical activity and improved joint function.
Physical activity and biomechanical stress result in an increase in muscle strength. Torsional and bending stress of the bone triggered by muscle contractions, as well as axial load, result in an increase in bone mass. Each qualitative and quantitative change of load will result in a restructuring of the bone. According to Wolffs law, changing biomechanical conditions leads to bone remodelling [15] . Also, other authors postulate a change in bone mineral density as a result of mechanical stress above threshold [28, 29] .
With this in mind and because of a good clinical outcome and probably enhanced physical activity, we expected a postoperative increase of BMD on the lower limb in the cemented and uncemented group.
Bone Mineral Density
Actually, there was a slight increase in BMD on the operated extremity 12 months after implantation of cemented stems. However, this was not the case after cementless THR where the BMD on the lower limb declined during the postoperative period (Table 1) .
Currently, no comparable studies of the development of BMD on the entire affected extremity are available after THR. However, extensive investigations exist with regard to the change of the periprosthetic bone mineral density after THR.
Whether the findings from these studies can be applied to the entire lower limb was evaluated in the present study.
Analogous to various studies, which describe a periprosthetic bone loss after cementless THR [3] [4] [5] [6] 30] , we found a decrease in BMD at the entire operated limb 3, 6 and 12 months after implantation of cementless stems.
In contrast, after implantation of cemented hip stems we found a slight increase in BMD on the operated limb 3, 6 and 12 months postoperatively.
Most of the current studies on periprosthetic bone density also demonstrate a decreasing BMD after implantation of cemented hip stems [6] [7] [8] 31] , however some studies found an increase in periprosthetic bone density postoperatively [30] .
Reasons for the early decrease of periprosthetic bone density after THR are the operational irritation, such as reaming and rasping the medullary cavity or the thermal trauma of curing bone cement [30] , the reduced load on the operated leg and the "stress shielding" as a result of altered power caused by the prosthesis [11, 14] .
In addition, the development of the periprosthetic bone density is affected by the preoperative BMD. So various studies found a greater periprosthetic bone loss after THR in patients with a preoperative lower bone density [7, 10, 12] .
The effect of the periprosthetic changes in BMD caused by operative trauma or "stress shielding", for example, are relatively small in respect to the BMD of the whole leg. Rather than the preoperative bone density, the activity level of the patient and the loading of the operated extremity seem to have a greater influence on the bone remodelling after THR.
In the follow-up, patients from Group A mentioned pain in the operated limb after implantation of cementless stems more often. 12 Months postoperatively, a total of 12 patients of this group reported residual complaints in the operated extremity. 9 patients gave an account of an occasional stress or motion pain in the operated hip or in the thigh (n = 6). Others reported a feeling of a foreign object (n = 2) or stiffness (n = 1) in the hip joint. In addition, some patients´ complaints (n = 3) were due to other diseases of the operated extremity (spinal stenosis and thrombophlebitis). One can assume that these complaints resulted in a reduced load of the operated extremity, which could explain the postoperative decrease of BMD. The decline of the BMD in the lumbal spine 12 months postoperatively could speak for a reduced mobility of patients from Group A as well. On the other hand, patients from Group B rarely complained about pain in the operated extremity. Only 4 patients still indicated occasional complaints under load (n = 3) or a foreign body sensation (n = 1) 12 months after implantation of THR with cemented stem. With this in mind, it is to be presumed that patients from Group B have a higher benefit from the implantation of an artificial hip joint after 12 months. A corresponding load of the operated limb may explain the increase in BMD 12 months postoperatively. The BMD at the lumbar spine remained stable in the postoperative stages.
METHODS
DEXA is a method with high precision, sensitivity and reproducibility of results [19, 20] . Thus, the evaluation of the smallest changes in bone mineral density is possible. For measurement of bone density after joint arthroplasty, implants can be eliminated via the "metal-removal" function, so reliable BMD values can be delivered. However, with regard to the complete elimination of the cement mantle after implantation of cemented hip stems, different views exist. It is possible that the cement causes artifacts and so positively distorts the bone density values [7, 30] . Some authors have tried to eliminate the cement mantle around the prosthesis [6, 31] , while others saw no possibility for doing so [8] .
In the present study it must be pointed out that the BMD of the entire lower limb was analysed, so the cement surrounding stem is likely to have negligible effect on the result. Also, an influence of the BMD values caused by the cement would only explain the trend increase in BMD 3 months postoperatively, but not its further increase after 6 and 12 months. So it must be assumed by a real change of bone density. 
Muscular Strength
The maximum strength is considered as a decisive criterion for assessing the overall performance of the muscles. In the present study the maximum isometric muscle strength was determined. Confounding factors, such as the speed of the joint movement or the change in the muscle length could be eliminated. The procedure of isometric muscle strength measurement is used in numerous studies and considered to be appropriate. The method is characterised by controlled contractions with constant muscle length and a high reproducibility. The high standard deviation values which occurred during muscle strength measurement of the affected limb are likely due to pre-and postoperative pain, changed proprioceptive perception and the cautious behaviour of the patients during the bench press test after THR.
Criticism
Critiques of the present study are the small number of patients and the difference of mean age between the two groups due to our institutional rules, the fact that the preoperative BMD and muscle strength were used as baseline values, as well as the relatively late first investigation of postperative BMD and the short follow-up observation period of one year. However, since the present study is observational and no comparison between cemented and uncemented has been done due to the large age differences between group A and B, the results we obtained are valid and show interesting tendencies. Therefore, the aim of further studies should be to examine the correlation between bone density and muscle strength in the lower limb over a longer period using larger samples.
In view of the fact that physical activity has a relevant impact on BMD, activity must be registered more precisely by means of appropriate questionnaires or small wearable activity monitores in subsequent studies. Also, the question arises whether the decrease of BMD goes hand in hand with an increased fracture rate after implantation of cement-free THR and, therefore, a drug treatment is useful. More detailed studies are required to verify this.
CONCLUSION
The question to be answered in this study was whether objectified, easy to determine parameters, such as strength or BMD measurement of the limb after primary hip replacement show a characteristic profile and to find out to what extent the previously described periprosthetic bone loss applies to the entire limb, so that by an objective assessment the possible functionality of a hip prosthesis can be determind.
After implantation of uncemented hip stems a decrease of the entire BMD on the operated limb occurred similar to the known postoperative reduction of periprosthetic bone density. In contrast, a slight increase in limb BMD was recorded for cemented stems. Regardless of the type of anchoring, a substantial increase in muscular strength could be observed postoperatively. The present study revealed no link between postoperative BMD and muscle strength in whole limb. As a result of this investigation we conclude that the measurement of strength after surgery increases significantly. The bone density changes, however, varies between the implantation technique and clinical outcome, which in itself is quite an interesting observation, and in the overall context could permit the conclusion that the development of bone density is rather delayed. 
ABBREVIATIONS

